ompR/envZ regulon. These findings suggest that killing and escape from macrophages may be as important steps in Salmonella pathogenesis as are survival and replication in these host cells.
The diarrheagenic disease Salmonellosis is prevalent throughout the world. Research has shown that the Salmonella bacteria adhere to specialized small intestinal epithelial cells called M cells (1) via long polar fimbriae (2) . After attachment, these bacteria mediate cytoskeletal and cell surface rearrangements causing internalization within a membrane-bound vesicle (3) (4) (5) . Once internalized, Salmonella destroy these cells (1, 6) Mutagenesis. SR-11(Nalr, Rifr) was mutagenized with MudJ-lacZ by P22-HTint transduction as described (8) . Transductants were plated on M9 media with Noble agar to avoid isolation of auxotrophic mutants. Colonies from each transduction (plate of 1,000 colonies) were combined into pools of 6,000-16,000 colonies and stored at -70°C.
Localization of MudJ-lacZ Insertions. Pulsed-field gel electrophoresis was done as described (9) . Inverse PCR was done as described (10) , except that the products were blunt-end ligated into the EcoRV site of pBluescript SK-(Stratagene) and sequenced using reverse and universal primers. Sequence data was compared with GenPept data base by using the program BLASTN (11) . For Southern Blot analysis, mutant chromosomal DNA was digested with restriction enzymes, separated by gel electrophoresis, and transferred onto nylon membrane. Blots were hybridized using Renaissance (DuPont) with labeled ompR/envZ operon (isolated as described below).
Cloning ompR/envZ and Complementation. The entire ompR/envZ operon was obtained from strain SR-11 by PCR amplification with Vent polymerase (New England Biolabs). The oligonucleotide primers used were generated to add unique Kpn I and Xba I sites on the 5' and 3' end of the operon for directional cloning into pWSK29 (12) . Once (18) and a mutant in the salmolysin gene slyA (14) were both found to be cytotoxic to J774 cells ( Fig.  2A) . Therefore, the cytotoxicity is not caused by these toxins. An invA mutant that is known to be deficient in epithelial cell invasion (15) was cytotoxic to J774 cells ( Fig. 2A) , although this mutant may enter the macrophage by a mechanism that does not require the inv locus. However, a mutant in the N-acetylglucosamine-6-phosphate deacetylase gene (nagA), which is taken up poorly by macrophages (19) , was defective in cytotoxicity ( Fig. 2A) . These data suggest that uptake of Salmonella by macrophages may be required for cytotoxicity, and that the route of uptake may be a critical factor. It is also interesting to note that a mutant in sipB [homolog of ipaB in Shigella (32) which is required for apoptosis of macrophages (33) (20) . We used the TUNEL reaction (21) to determine whether DNA fragmentation occurs in Salmonella infected cells. As early as 6 hr postinfection, cells infected with wildtype Salmonella had fragmented DNA, whereas uninfected cells did not (Fig. 1B) (Fig. 1A) . Furthermore, although the macrophages were clearly infected with SWL350, DNA fragmentation indicative of cell death was not observed (Fig.  1B) . Additionally, the difference in cytotoxicity between the mutant and the parent strains did not appear to be due to a difference in growth rate or capacity to enter macrophages because the in vitro growth rate of the mutants in LuriaBertani broth (data not shown), the intracellular growth of the four mutants (Fig. 3) and the uptake of the mutants into J774 cells was comparable with the parent strain SR-11. Mutants SWL103 and SWL350 were found to enter the macrophages at levels comparable with parent strain SR-11 at 100% and 96%, respectively.
The mutants were mapped by pulsed-field gel electrophoresis. All four mutants were located between 75 and 80 centisomes on the S. typhimurium chromosome where ompR/envZ is located (23) . Regions of DNA adjacent to the MudJ-lacZ insertions in SWL350, SWL629, and SWL701 were isolated by inverse PCR, cloned, and sequenced. Mutant SWL350 contains a MudJ-lacZ insertion 276 bp into the coding region of ompR, and SWL629 and SWL701 each contain a MudJ-lacZ insertion in the promoter region of this same regulatory gene (Fig. 4) . The insertion in SWL103 is also located in the promoter region of ompR/envZ as determined by Southern blot hybridization (data not shown).
To demonstrate that the MudJ-lacZ insertions in ompR/ envZ were solely responsible for lack of cytotoxicity, the ompR/envZ operon was cloned from SR-11 by PCR. The resultant plasmid (pSWLOMP) was transfected by electroporation into each of the four mutants and found to complement 10 Hours post-infection (Fig.  2B) . Additionally, previously characterized S. typhimurium ompR::TnlO mutant CJD359 [from C. J. Dorman (17) ] was tested and found to have comparable moi CD50 values to the ompR/envZ mutant strains isolated in this study (Fig. 2B) .
Morphological data of J774 cells infected at an moi of 50 with SR-11 or SWL350 were obtained by transmission electron microscopy at 6 hr and 14 hr postinfection. At 14 hr postinfection, greater than 20% of the J774 cells infected with SR-11 demonstrated large vacuole formation (Fig. 5A ) that appeared to be formed by fusion of numerous smaller vacuoles that contained bacteria (Fig. 5B) . It is possible that these vacuoles play a role in macrophage cytotoxicity because no large vacuoles were observed in J774 cells infected with the noncytotoxic mutant SWL350 (Fig. 5C and D) . No (25) , S. typhimurium (26) , S. typhi (27) , and Shigella flexnerii (28) . It is known that in S. typhimurium, OmpR/EnvZ controls the expression of the outer membrane porin proteins OmpF and OmpC (29) , and a tripeptide permease (30) . Previous research has found that Salmonella ompR mutants are highly attenuated in mice (17) . We tested ompR/envZ mutants SWL350 and SWL701 for virulence and confirmed these results (data not shown). This attenuation is not due to the regulatory effect on ompF, ompC, and tppB because a triple mutant is 1000-fold less attenuated than a mutation in ompR itself (31 
